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Within t h e  F e d e r a l  Wind Energy Program o f  t h e  United, S t a t e s  o f  America; t h g  Wind 
C h a r a c t e r i s t i c s  Program E l e m e n t  (WCPE) has  been e s t a b l i s h e d  w i t h  t h e  r e s p o n s i b i l i t y  f o r  
assembling and developing wind c h a r a c t e r i s t i c s  in format ion  appropr ia te  t o  t h e  n$, -ds o f  
t h o s e  involved  i n  energy program p lann ing ,  des ign  and performance o f  wind energy con- 
v e r s i o n  systems (WECS), s e l e c t i o n  o f  s i t e s  f o r  WECS i n s t a l l a t i o n ,  a n d . t h e  o p e r a t i o n  ,of 
WECS. The U.S. Department o f  Energy (DOE) i s  addres s ing  t h i s  r e s p o n ~ i b i l i t ~  through a 
management/research program ba lanc ing  t h e  e x p e r t i s e  i n  government l a b o r a t o r i e s ,  p r i v a t e  
i n d u s t r y  and 
0 dependabl and c o s t - e f f e c t i v e  methodologies f o r  t he .  s i t i n g  o f  WECS, ,and 1 
v a r i a b i l i t y  and p r e d i c t a b i l i t y  f o r  WECS 
l i s t  o f  needs,  t h e  t e c h n i c a l  program of  ~ ~ ~ ' W C P E  
a r e a s .  ' ~ e s e a r c h  and development p r o g r e s s  .and 
a r e  summarized i n  t h i s  p r e s e n t a t i o n .  
In t roduc t ion  
The o b j e c t i v e s  and o rgan iza t ion  of  t h e  Federa l  Wind Energy Program of  t h e  ~ n i t e , d  
. S t a t e s  of  America have been descr ibed i n  a  Summary Report (Ref. 1).  The o v e r a l l  
o b j e c t i v e  of  t h e  program was s t a t e d  t o  be " . . . t o  a c c e l e r a t e  t h e  de-~elopment, commer- 
c i a l i z a t i o n  and u t i l i z a t i o n  o f  r e l i a b l e  and economically v iab le  wind ener* systems." 
To achieve t h i s  o b j e c t i v e ,  t h e  program was organized i n t o  d i sc re te , ,  y e t  i n t e r r e l a t e d  
program elements.. The o b j e c t i v e  o f  t h i s  paper  i s  t o  p r e s e n t  an o ~ r v i e w  o f  t h e  Wind 
C h a r a c t e r i s t i c s  Program Element (WCPE) . 
The WCPE i s  e s t a b l i s h e d  t o  provide t h e  appropr ia t e  wind c h a r a c t e r i s t i c s  informa- 
t i o n  t o  those  involved i n  energy program planning,  design and performance eva lua t ion  
of  wind energy conversion systems (WECS) , s e l e c t i o n  o f  s i t e s  for '  t h e  i n s t a l l a t i o n  of  
WECS, and t h e  opera t ion  of  WECS. Some s p e c i f i c  con t r ibu t ions  of  t h e  program element 
a r e  t o  c o n s i s t  o f  r e l i a b l e  e s t ima tes  o f  wind c h a r a c t e r i s t i c s  p e r t i n e n t  t o  WECS des ign,  
' e f f e c t i v e  analyses  and methods f o r  t h e  de terminat ion  of  wind energy p o t e n t i a l  over  
l a r g e  a reas ,  dependable and c o s t - e f f e c t i v e  methodologies f o r  t h e  s i t i n g  o f  WECS, and 
d e s c r i p t i o n  o f  day-to-day v a r i a b i l i t y  and p r e d i c t a b i l i t y  of  wind, energy f o r  WECS oFer- 
a t i o n s .  To accomplish t h e s e  t a s k s ,  t h e  WCPE has  been d iv ided i n t o  four  t e c h n i c a l  
program a reas .  
. . 
' 0  Wind c h a r a c t e r i s t i c s  for ~ e s i g n  and. Performance Evaluat ion 
Mesoscale Wind C h a r a c t e r i s t i c s  
Development o f  ~ i t i n ~ . ~ e t h o d o l o g i e s  
Wind C h a r a c t e r i s t i c s  f o r  WECS Operat ions 
Each program a r e a  has  d i s t i n c t  elements and inc ludes  r e s p o n s i b i l i t y  f o r  o v e r ~ ~ e i n g ,  
coord ina t ing  and conducting work which w i l l  p rovide  t h e  r e s u l t s  needed t o  meet t h e  
o v e r a l l  o b j e c t i v e s  o f  t h e  Federa l  Wind Energy Program. 
- -. 
The management r e s p o n s i b i l i t y  f o r  t h e  Wind C h a r a c t e r i s t i c s  ?rogram Element has  
been assigned t o  P a c i f i c  Northwest Laboratory (PNL). I n  c l o s e  cooperat ion with t h e  
Wind Systems Branch o f  t h e  Department of  Energy, each f i s c a l  year  a  program planning 
document i s  prepared,, which provides  t h e  framework and b a s i s  f o r  communication i n  
planning and ca r ry ing  o u t  work i n  t h e  program (Ref. 2 ) .  This document i s  updated a s  
needed- 7-to-acconrpl-M--~ .overa l l .  .ob.j e c t i v e s - ~ L t h e  Feder.a.1 a n d  .me rgy- ~r-0-gram, . 
The primary r e s p o n s i b i l i t i e s  o f  PNL inc lude  p lanning,  p lac ing  and monitoring con- 
t r a c t  research  s t u d i e s ,  coord ina t ing  t h e s e  s t u d i e s ,  and conducting in-house t e c h n i c a l  
work. The major p o r t i o n  o f  t h e  t e c h n i c a l  work i n  t h e  program i s  conducted by p r i v a t e  
research  f i rms  and u n i v e r s i t i e s .  The main purpose o f  t h e  in-house e f f o r t s  a r e  t o  f i l l  
any gaps i n  t h e  c o n t r a c t  e f f o r t s  and t o  p u l l  t o g e t h e r  var ious  segments of work f a r  
p r e s e n t a t i o n  i n  an -appropr ia t e  format f o r  t h e  intended rec ip ienz  o f  t h e  ma te r i a l .  To 
meet these  r e s p o n s i b i l i t i e s  r e q u i r e s  a s i g n i f i c a n t  l i a i s o n  e f f o r t  with o t h e r  procram 
elements i n  t h e  Federa l  Wind Energy Program a s  we l l  a s  wi th  p o t s n t i a l  u s e r s  o f  t h e  
wind c h a r a c t e r i s t i c s  information.  The goa l s  and h i g h l i g h t s  o f  dork i n  p rogress ,  i n  
each a r e a  o f  t h e  WCPE, w i l l  c o n s t i t u t e  t h e  major p o r t i o n  of  t h e  body o f  t h i z p a p e r ,  - -- - - - - .  -A -.. - -- . - > .  - - -  .. - - -  
Wind C h a r a c t e r i s t i c s  f o r  Design and Performance Evaluat ion 
The primary o b j e c t i v e  o f  t h i s  program a r e a  i s  t o  provide wind c h a r a c t e r i s t i c s  
information f o r  use by WECS des igners  i n  c a t a s t r o p h i c  f a i l u r e  cons ide ra t ions ,  f a t i g u e  
analyses  and machine ou tpu t  op t imiza t ion  through e f f e c t i v e  con t ro l  s t r a t e g i e s .  A 
secondary o b j e c t i v e  i s  t o  provide  techniques ,  u t i l i z i n g  wind da ta  and machine output  
information,  t o  a s s e s s  t h e  performance o f  WECS a f t e r  they have been i n s t a l l e d  and a r e  . 
i n  opera t ion .  
One of the  s i g n i f i c a n t  a s p e c t s  o f  t h i s  program a r e a  is  t h e  i n t e r a c t i o n  between -- 
WECS des igners  and atmospheric s c i e n t i s t s  s p e c i a l i z i n g  i n  wind c h a r a c t e r i s t i c s .  This  
i n t e r a c t i o n  has been mutually b e n e f i c i a l .  The wind c h a r a c t e r i s t i c  i n v e s t i g a t o r s  have 
gained a much b e t t e r - u n d e r s t a n d i n g  o f . t h e  s p e c i f i c  needs o f  the des igners , - and  t h e  
des igners  have gained more awareness of  t h e  type  of  meteorological  and environmental 
i n £  ormation-available- L o  .them.-- -%& 
One of t h e  e a r l y  t a s k s  i n  t h i s  program a r e a  was t o  provide  gener ic  e s t ima tes  of 
t h e  e f f e c t  of  genera l i zed  wind c h a r a c t e r i s t i c s  on annual power e s t i n a t e s  from wind t u r -  
b i n e  genera to r s  (Ref. 3 ) .  The purpose o f  t h i s  work was t o  provide  t o o l s  f o r  prelimi-,  
.nary des ign u t i l i z i n g  with a minimum of  wind information.  Techniques were presented 
to  es t ima te  a wind t u r b i n e ' s  average power, pe rcen t  down t ime,  and pe rcen t  time oper- 
a t i n g  a t  r a t e d  power. The requ i red  information f o r  t h e s e  e s t ima tes  was annual mean - 
wind and t h e  s p e c i f i e d  cut - in ,  cut -out ,  and r a t e d  wind speeds o f  h y s o t h e t i c a l  wind gEn- 
e r a t o r s . .  I n  most pre l iminary  examinations o f  wind power f e a s i b i l i t y ,  long-,term £re- 
quency d i s t r i b u t i o n s  o f  wind speeds a r e  n o t  a v a i l a b l e .  For t h i s  reason,  the  annual 
. mean wind speed was used t o  produce a Rayleigh d i s t r i b u t i o n  which was used i n  p lace  of ' .  
t h e  a c t u a l  d i s t r i b u t i o n  t o  compute t h e  power e s t i m a t e s  f o r  s p e c i f i e d  machine charac ter -  
i s t i c s .  T h i ~ . ~ r o c e d u r e  was t e s t e d  on d a t a  from four teen  l o c a t i o n s  i n  t h e  United ~ t a b e s  
- f o r  which t h e  . ac tua l  frequency d i s t r i b u t i o n s  were a v a i l a b l e .  Power e s t ima tes  using zhe 
Rayleigh d i s t r i b u t i o n  were genera l ly  wi th in  10% o f  e s t i m a t e s . u s i n g  t h e  a c t u a 1 , f r e q u e x y  
d i s t r i b u t i o n  f o r  annual mean wind speeds g r e a t e r  than 5 m / s .  
The main o b j e c t i v e  of  the  work was n o t  t o  provide power e s t i m a t e s ,  b u t  r a t h e r  to 
provide  a b a s i s  f o r  s e n s i t i v i t y  analyses  and comparisons o f  var ious  combinations o f  
des ign  parameters.  The information was. intended f o r  both  des igners  and p o t e n t i a l  u s e r s  
o f  wind t u r b i n e  genera tors .  An example o f  t h e  type  of  information provided i s  shorn i n  
Fig .  1. With t h i s  diagram a p rospec t ive  u s e r  o r  des igner  can examine opt ions  f o r  vz r i -  
ous  choices  of  machine-operating c h a r a c t e r i s t i c s  f o r  a given annual mean wind speed. 
To dea l  more d i r e c t l y  wi th  s p e c i f i c  needs of  wind t u r b i n e  des igners  i n  t h e  a r e a  o f  
. c a t a s t r o p h i c  f a i l u f e  cons ide ra t ions  and ' f a t igue  ana lyses ,  the  n a t c r e  o f  wind gus t iness  
i s  'under i n v e s t i g a t i o n .  I t  is c r i t i c a l  i n  t h i s  work t h a t  r e s u l t s  o f  an i n v e s t i g a t i o n  
b e  provided t o  t h e  des igners  i n  a form which i s  n o t  on ly  understandable,  b u t  immedi- 
a t e l y  usable.  One of t h e  f i r s t  s t u d i e s  i n  t h i s  a r e a  p resen ted  pre l iminary  es t ima tes  o f  
t h e  number of  occurrences o f  s p e c i f i e d  g u s t  magnitudes f o r  va r ious  va lues  of  mean wind 
speed and t e r r a i n  roughness (Ref. 4 ) .  Es t imates  o f  t h i s  type  over t h e  l i f e  of  a 
machine . .. . a r e  provided - . .  f o r  use i n  f a t i g u e  a n a l y s i s .  
- ,  
Also very important  t o  des igners  is  information on t h e  changs i n  t h e  speed ane 
d i r e c t i o n  of  t h e  wind a s  a funct ion  o f , t h e  t i m e  i n t e r v a l  over  whi,zh t h e  change occcrs .  
Work has  proceeded t o  e s t a b l i s h  gu ide l ines  f o r  wind t u r b i n e  des igners  t o  use i n  corn- 
p u t i n g  t h e  approximate number o f  v e l o c i t y  changes pe r  hour which exceed a given value 
over  a s p e c i f i e d  time i n t e r v a l .  This type  o f  information is  very important  i n  b lade  
p i t c h  contro-Panalyses8--as.  we-31-.-as , fa t igue-  'an*lyses ;.;.-The ,formu1 ationl.used-.+n=.-th.is -work--- 
compared ve ry ' f avordb ly  with analyses  o f  measured d a t a  from a s i n g l e  anemometer. 
The t a s k s  previous ly  descr ibed have d e a l t  wi th  t h e  wind, a s  i f  the  measuremenrs by 
a s i n g l e  anemometer were r ep resen ta t ive  of  what i s  encountered by a wind tu rb ine  b lade .  
Because of  t h e  l ack  o f  information on t h e  n a t u r e  o f  t h e  flow f i e l d  pass ing  through t h e  
d i s k  of  r o t a t i o n ,  a t a s k  has  been i n i t i a t e d  by PNL t o  p l z c e  a c i r c u l a r  a r r a y  o f  
anemometers i n  a v e r t i c a l  p lane  t o  o b t a i n  measurements c o n s i s t e n r  wi th  a wind environ- 
ment encountered by a wind tu rb ine  b lade  (Ref. 5 ) .  The i n i t i a l  tower a r r a y  and 
anemometer conf igura t ion  a r e  shown i n  Fig .  2. Three component wind d a t a  from t h e  
e n t i r e  24.4 m diameter  anemometer a r r a y  w e r e  sampled a t  a r a t e  o f  t e n  t imes pe r  second 
f o r  s e v e r a l  p e r i o d s  o f  s t r o n g  winds blowing i n t o  t h e  p lane  o f  t h e  a r ray .  - - ---- -. - - - -  
Prel iminary  analyses  o f  t h e  d a t a  s e t  included comparisons c f  behavior  o f  t h e  wind 
speed a t  hub h e i g h t  ( cen te r  anemometer) wi th  t h e  wind speed averaged over  t h e  d i s k ,  a s  
shown i n  Fig.  3.  Another type of a n a l y s i s  p o s s i b l e  w i t h  t h e  d a t a  from t h e  a r r a y  i s  
t h e  product ion  o f  a synthes ized wind record  which r e p r e s e n t s  t h e  wind which a win9 t u r -  
b ine  b lade  would experience i f  it were r o t a t i n g  i n  t h e  p lane  o f  t h e  anemometer ar ray .  
A sample of  t h e  synthes ized wind record  i s  shown i n  Fig.  4. The most s t r i k i n g  f e a t u r e  
o f  t h e s e  d a t a  i s  t h e  magnitude of t h e  r a p i d  change i n  wind speed encountered by t h e  
b lade  r o t a t i n g  through t h e  v e r t i c a l  shear  i n  t h e  flow f i e l d .  This t y p e  o f  d a t a  has  
been used by des igners  i n  wind t u r b i n e  s imula t ion  models. The da ta  w i l l  a l s o  be used 
t o  provide more co~ilprehensive d e s c r i p t i o n s  o f  t h e  winds encountered by a t u r b i n e  b lade  
o v e r  the d i s k  of r o t a t i o n  f o r  expected improved i n p u t  t o  des ign  app l i ca t ions .  
3 
Work is i n  progress  t o  expand the  diameter o f  the  anemometer a r r a y  t o  4 9  meters ,  
and t h e  p o s s i b i l i t y  o f  e s t a b l i s h i n g  a 100-meter diameter  a r r a y  i s  under cons idera t ion .  
Also under c o n s i d e r a t i o n  is t h e  es tabl i shment  o f  a 10- t o  15-meter a r ray .  t o  e s t a b l i s h  
' a  d a t a  s e t  and analyses  f o r  smal l  machines. 
. . .  
Mesoscale Wind C h a r a c t e r i s t i c s  
This  program a r e a  i s  organized i n t o  t h r e e  genera l  sec t ions .  13 t h e  f i r s t  s e c t i o n  
. t h e  major concern is  wit,h t h e  ana lyses  o f  wind energy p o t e n t i a l  over  l a r g e  a r e a s  (on 
t h e  o rde r  o f  1000 x 1000 km). I n i t i a l  analyses  o f  t h i s  type  were c a r r i e d  o u t  on a 
n a t i o n a l  s c a l e  i n  t h e  e a r l y  s t a g e s  of  t h e  Federa l  Wind Energy Program. A s tudy com- 
. par ing ,  eva lua t ing ,  and syn thes iz ing  t h r e e  previous  independent n a t i o n a l  assessm2nts 
was conducted and repor ted  by E l l i o t t  ( ~ e f .  6 ) .  The d i s t r i b u t i o n  o f  annual  mean wind 
power es t imated  a t  50 meters .above exposed a r e a s  i n  the  United S t a t e s  i s  shown in 
Fig. 5. The r e s u l t s  of t h e s e  i n i t i a l  a n a l y s e s , a r e  s u i t e d  p r i m a r i l y  t o  p re l iminary  
planning purposes.  More d e t a i l e d  wind energy cons ide ra t ions  f o r  a r e a s  t h e  s i z e  of  cne 
o r  s e v e r a l  s t a t e s '  r equ i re  more s t r i n g e n t . a n a l y s e s  than were p o s s i b l e  in t h e  t i m e  
a l l o t t e d  f o r  t h e  i n i t i a l  n a t i o n a l  assessments. These analyses  w i l l  permi t  an account- 
ing  of  s i g n i f i c a n t  t e r r a i n  i n f l u e n c e s  and mesoscale c l ima to log ica l  f e a t u r e s .  
To meet t h e  need f o r  more d e t a i l e d  ana lyses ,  t h e  i n i t i a l  t a s k  i n  t h i s  s e c t i o n  o f  
t h e  program a r e a  i s  t o  t e s t  and apply  proto type  techniques f o r  t h e  a n a l y s i s  o f  wind 
energy p o t e n t i a l .  These techniques  may then be app l i ed  i n  a c o n s i s t e n t ,  comparable 
manner i n  o t h e r  regions  of  t h e  country .  One o f  t h e  techniques unCier development and 
t e s t i n g  i s  a d a t a  screening technique which i s  app l i ed  t o  d a t a  sources  n o t  u t i l i z e d  i n  
any of  the  n a t i o n a l  assessments. I n  t h e  Northwest a r e a  o f  t h e  Unlted S t a t e s ,  s e l e c t e d  
f o r  a p ro to type  a n a l y s i s ,  t h e  t o t a l  amount o f  d a t a  a v a i l a b l e  i s  approximately four  
t imes t h e  amount of  conventional  d a t a  used i n  t h e  n a t i o n a l  assessments f o r  t h e  same 
a rea .  Ana ly t i ca l  techniques which involve t h e  use  of  b i o l o g i c a l  i n d i c a t o r s  and 
s a t e l l i t e  imagery, a s  we l l  a s  t h e  usage o f  upper a i r  wind d a t a  t o  e x t r a p o l a t e  winds 
doGn cto-&xpZsed ri-dge t o p s ,  a r e  a l s o  undergoing t e s t i n g  and a p p l i c a t i o n .  One of ,the 
prime o b j e c t i v e s  of  t h i s  work i s  t o  provide q u a n t i t a t i v e  e s t ima tes  o f  t h e  land a r e a  
which would be s u i t a b l e  f o r  t h e  e f f e c t i v e  a p p l i c a t i o n  o f  wind tu rb ine  genera to r s .  This 
is being pursued wi th  t h e  h e l p  of  r e l i e f  maps and s tereographic  a e r i a l  photographs. 
I n  t h e  second s e c t l o n ' o f  t h e  program a r e a ,  t h e  major concern is  wi th  analyzing 
the  wind energy p o t e n t i a l  a t  s p e c i f i e d  sites such a s  those  which 'are  cand ida tes  f o r  
t e s t i n g  and demonstratkng w'ind machines-; - -Si te  - v i s i t ,  r e p o r t s  were prepared  .by PNL as- ,  , r; .= 
wel l  a s  t h e  documentation of  t h e  analyses  o f  s i t e  wind da ta .  This  documentation w a s  
prepared i n  a s p e c i a l  summary f o r  a S i t e  s e l e c t i o n  Board. 
Also, i n  the ' second  s e c t i o n  o f  t h i s  program a r e a  t h e r e  i s  a c o n t r a c t  s tu3y t o  
t e s t  techniques  f o r  e s t i m a t i n g  t h e  wind c h a r a c t e r i s t i c s  a t  a s p e c i f i e d  l o c a t i ~ n  wi th  
wind d a t a  a v a i l a b l e  only  a t  surrounding loca t ions .  The techniques w e r e  t e s t e d  a t  
e i g h t  of t h e  i n i t i a l  candidate  s i t e s .  Two of t h e  techniques which look most p r o r i s i n g  
f o r  a p p l i c a t i o n  t o  sites surrounded by complex t e r r a i n  invo lve  t h e  appl fca t icm of  
three-dimensional flow models, which inc lude  t e r r a i n  e f f e c t s ,  coupled w i t h  r eg ress ion  
o r  e igenvector  techniques t o  e s t a b l i s h  c l imatologies  o f  wind c h a r a c t e r i s t s  a t  t h e  
s p e c i f i e d  locat ' ions.  A d a t a  base  has been c o l l e c t e d  a t  each o f  t h e s e  l o c a t i o n s  with 
which t o  v e r i f y  and eva lua te  t h e  i n t e r p o l a t i o n  technique i n  a follow-on e f f o r t .  
- - -- - .  .- 
The t h i r d  genera l  s e c t i o n  of  this program a r e a  i s  devoted t o  supplemeritary 
s t u d i e s .  These s t u d i e s  provide  information which w i l l  a l low more e f f e c t i v e  analyses  
of  t h e  wind energy p o t e n t i a l  over  l a r g e  a r e a s  and a t  s p e c i f i c  sites. 
Because-of t h e  r e l a t i v e  scarc i t -y  o f  appropr ia t e  wind measurements over-vas t  a r e a s ,  
a c o n t r a c t  s tudy was i n i t i a t e d  t o  develop an e f f i c i e n t  means t o  i d e n t i f y  h igh  wind 
l o c a t i o n s  from e o l i a n  geomorphological f e a t u r e s  observed i n  a e r i a l  photogra2hy and 
s a t e l l i t e  imagery (Ref. 7). Resu l t s  o f  t h i s  work suggest  t h a t  s t a b i l i z e d  e ~ l i a n  fea- 
t u r e s  are r e l i a b l e  i n d i c a t o r s  o f  wind p a t t e r n s  and may prove even more u s e f u l  than 
a c t i v e  f e a t u r e s  such a s  sand dunes because they a r e  more numerous. Work is  cont inuing 
t o  q u a n t i f y  t h e  wind energy a s s o c i a t e d  wi th  t h e  observed e o l i a n  f e a t u r e s .  These - 
techniques a r e  b e s t  s u i t e d  t o  r eg ions  wi th  a dry  c l ima te ,  such a s  t h o s e  f o m d  i n  l a r g e  
& 
. a r e a s  o f  t h e  western United S t a t e s ,  and a r e  being t e s t e d  i n  a  proto type ,  l a r g e  a r e a  
a n a l y s i s  o f  wind energy p o t e n t i a l .  
For r e g i o n s  o r  s i t e s  where conventional  wind d a t a  a r e  a v a i l a b l e  f o r  use i n  t h e  
a n a l y s i s  of  wind energy p o t e n t i a l ,  t h e  r e c u r r i n g  ques t ion  is: how long a d a t a  r e c o r e  
i s  r e q u i r e d  t o  be r e p r e s e n t a t i v e  o f  t h e  long-term cl imatology? I n  one c o n t r a c t  s tudy ,  
which is address ing  t h i s  problem, s t o c h a s t i c  models have been d e v e l ~ p e d  and used t o  
analyze  wind d a t a  from 20 l o c a t i o n s  i n  t h e  United S t a t e s  (Ref. 8 and 9 ) .  Resu l t s  o f  
t h i s  work i n d i c a t e  t h a t  one year  o f  d a t a  i s  g e n e r a l l y  s u f f i c i e n t  t o  e s t ima te  t h e  long- 
. term s e a s o n a l  mean wind v e l o c i t i e s  t o  wi th in  an accuracy o f  10 pe rcen t  wi th  a conf i -  
dence l e v e l  of  90 percent .  Another r e s u l t  from t h i s  s tudy was t h e  pre l iminary  indic3- 
t i o n  t h a t  t h e  Rayleigh d i s t r i b u t i o n  generated from t h e  mean wind i s  adequate t o  
- desc r ibe  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  v e l o c i t y .  Deviat ions from observed values  
appeared t o  be  no l a r g e r  than t h e  year-to-year v a r i a b i l i t y  i n  t h e  observed s t a t i s t i c s .  
Along wi th  the  concern o f  year-to-year v a r i a b i l i t y  o f  wind energy i s  t h e  concern 
wi th  t h e  s p a t i a l  v a r i a b i l i t y  of wind energy over  l a r g e  a r e a s  i n  an e l e c t r i c  u t i l i t y  
network. The problem o f  s p a t i a l  v a r i a b i l i t y  may be p a r t i a l l y  a l l e v i a t e d  by ' t he  use  of  
widely d i spe r sed  a r r a y s  of  wind tu rb ines .  A s tudy o f  t h e  wind energy s t a t i s t i c s  f o r  
l a r g e  a r r a y s  has  been conducted i n  a  c o n t r a c t  e f f o r t  (Ref. 1 0 ) .  This s tudy es t ima tes  
the  inc reased  wind power a v a i l a b l e  us ing d i spe r sed  a r r a y s  r a t h e r  than a r r a y s  a t  an 
i n d i v i d u a l  s i t e .  ,A mode'l has  been developed t o  e s t i m a t e  t h e  a r r a y  power from d a t a  at 
a s i n g l e  loca t ion .  
~ e v e l o p m e n t  of  S i t i n g  Methodologies 
The d i s t i n c t i o n  between t h i s  program a r e a  and t h e  one j u s t  descr ibed l i e s  i n  t h e  
s c a l e  o f  t h e  areas  of  concern and t h e  emphasis on developing methods f o r  eva lua t ion  a s  
opposed t o  t h e i r  app l i ca t ion .  I n  t h e  Mesoscale Wind C h a r a c t e r i s t i c s  Program a r e a ,  
l a r g e  a r e a s  on the  o r d e r  of  1000 t o  2000 k m  on a s i d e  a r e  analyzed. One o f  t h e  goa l s  
i s  t o  i d e n t i f y ,  wi th in  t h e . l a r g e  a r e a ,  high wind a r e a s  on t h e  o r d e r  of  100 km on a 
s ide .  Promising a r e a s  o f  t h i s  s i z e  then become t h e  o b j e c t  o f  s p e c i f i c  s i t i n g  s t u d i e s  
through t h e  app l i ca t ion  of  the  t o o l s  developed w i t h i n  t h e  S i t i n g  Methodologies Program 
a rea .  
This  program a r e a  i s  a l s o  organized i n t o  t h r e e  genera l  s e c t i o n s .    he major objec- 
t i v e  of  ,.the. first s e c t i o n -  is.. .site--~,c.reen_in~~.-an.d~ loca l i za t ion- t echn jques  development. 
Research and development a r e  being c a r r i e d  o u t  i n  s e v e r a l  d i r e c t i o n s .  Some types  d f  
numerical modeling show promise o f  providing a t o o l  which w i l l  a l low a reasonably com- 
prehensive  a n a l y s i s  of  t h e  flow over  complex t e r r a i n .  Both o b j e c t i v e  a n a l y s i s  and 
time-dependent models have been adapted f o r  use i n  screening a reas  f o r  promising u ind 
energy s i tes  (Refs. 11 and 1 2 ) .  some controversy  still  e x i s t s  concerning t h e  accuracy 
of numerical  model r e s u l t s  and t o  what e x t e n t  t h e y  a r e  r e l i a b l e  i n  var ious  appl ica-  
t i o n s .  V e r i f i c a t i o n  e f f o r t s  w i l l  be d iscussed under t h e  second s e c t i o n  o f  t h i s  program 
area .  
Another e f f o r t  i n  t h e  category o f  s i t e  sc reen ing  and l o c a l i z a t i o n  involves  t h e  use 
of  b i o l o g i c a l , i n d i c a t o r s  (Ref. 1 3 ) .  This  work has  concentra ted  on c a l i b r a t i n g  and , 
v e r i f y i n g  t h e  th ree  i n d i c e s  e s t a b l i s h e d  i n  t h e  e a r l y  phases of t h e  work. .The Griggs- 
Putnam Index,  which involves  t h e  degree o f  f l agg ing  o f  a  t r e e ,  appeared t o  g ive  t h e  
b e s t  e s t i m a t e  o f  mean annual wind. The mean e r r o r  was about  25 .percent .  
P h y s i c a l  modeling was pursued f o r  t h e  purpose o f  developing l o c a l i z a t i o n  tech- 
niques ( R e f .  14 ) .  Flow c h a r a c t e r i s t i c s  f o r  s p e c i f i e d  h i l l  shapes were s t u d i e d  f o r  t h e  
purpose p f  determining t h e  most favorable  t e r r a i n  s l o p e s ,  genera l ized  l o c a t i o n s  f o r  
optimum wind energy, flow separa t ion ,  h i g h  turbulence  and the e f f e c t  of roughness 
on ter ra in- induced speedup. The s i z e  o f  t h e  wind tunnel  imposes an upper l i m i t  on t h e  
v e r t i c a l  e x t e n t  of  t h e  topographic f e a t u r e s  which must be kep t  i n  mind when consider-  
, i n g  t h i s  modeling a l t e r n a t i v e .  Even so ,  a  s i g n i f i c a n t  range of  f e a t u r e s  can be 
examined. This could be e s p e c i a l l y  h e l p f u l  i n  t h e  l o c a l i z i n g  s t a g e  o f  wind t u r b i n e  
s i t i n g  where s p e c i f i c  i n s t a l l a t i o n  l o c a t i o n s  a r e  t o  be i d e n t i f i e d .  
Model r e s u l t s  can only be v e r i f i e d  by a c t u a l  measurements, and f o r  l o c a l i z a t i o n  
e f f o r t s  .and. the-evaluation-of-predetermine-d-sites,--this i s  probably t h e  most r e l i a b l e  
*) 
method a v a i l a b l e .  However, t h e  b i g  drawback with d i r e c t  measurements has been t h e  
expense of  c o l l e c t i n g  and handling t h e  da ta .  Some r e c e n t  developments i n  e l e c t r o n i c s  
have made p o s s i b l e  t h e  development o f  inexpensive d a t a  c o l l e c t i o n  devi'ces which d i r -  
. e c t l y  provide  s t a t i s t i c a l  summaries o f  t h e  wind d a t a  a t  t h e  measurement s i t e  (Ref. 1 5 ) .  
These developments could make.localization.studies by d i r e c t  measurement more a t t r a c -  
t i v e ,  because . they  w i l l  a l s o  reduce t h e  c o s t  o f  the necessary .wind c h a r a c t e r i s t i c s  
v e r i f i c a t i o n  e f f o r t  which must fol low t h e  i d e n t i f i c a t i o n  o f  any p rospec t ive  sp .ec i f ic  
s i te .  
The second genera l  s e c t i o n  o f  t h i s  program a r e a  is  devoted t o  t h e  v e r i f i c a t i o n  of  
' the s i t e - s c r e e n i n g  techniques.  The main e f f o r t  i n i t i a l l y  i s  an eva lua t ion  o f  t h e  
nurherical models adapted f o r  s i t e  screening.  The genera l  approach t o  v e r i f i c a t i o n  w i l l  
. be t o  apply t h e  var ious  techniques t o  a r e a s  where t h e  wind a t  a number of l o c a t i o n s  i s  
known a s  a func t ion  o f  time. Three da ta  s e t s  r ep resen t ing  h i l l y  t o  mountainous t e r -  
.' r a i n  have been s e l e c t e d  f o r  t h e  v e r i f i c a t i o n  t e s t s .  The models w i l l  be r a t e d  on t h e i r  
a b i l i t y  t o  d i sc r imina te  between high and low wind speed a r e a s .  The s i t e - sc reen ing  
techniques w i l l  a l s o  b e ' r a t e d  on t h e i r  a b i l i t y  t o  reproduce t h e  genera l  f e a t u r e s  of  
the' wind speed p r o b a b i l i t y  d i s t r i b u t i o n  funct ion  and t h e  mean d i u r n a l  v a r i a t i o n  of wind 
speed. The accuracy o f  ' t h e  techniques ,  a s  a func t ion  o f  t h e  amount o f  i n p u t  d a t a  and 
. .  parameter d e t a i l ,  w i l l  be  determined f o r  var ious  degrees  o f  t e r r a i n  and c l imafo log ica l  
complexity. 
I n  t h e  t h i r d  genera l  s e c t i o n  o f  t h i s  program a r e a ,  s i t i n g  s t r a t e g i e s  a r e  docu- 
mented and disseminated i n  a usable  format a s  r a p i d l y  a s  p o s s i b l e .  An i n t e r i m  hand- 
book with a ' s t ep -by-s tep  d e s c r i p t i o n  of  a s i t i n g  method f o r , s m a l l  machines has  been 
prepared  (Ref. 1 6 ) .  This  document i s  intended p r i m a r i l y  f o r  t h e  layman i n t e r e s t e d  i n  
wind power f o r  pe r sona l  a p p l i c a t i o n .  A compendium o f  s i t i n g  s t r a t e g i e s  and consider-  
a t i o n s  f o r  l a r g e  machines i s  undergoing rev i s ions  a f t e r  a f i r s t  review. This  document 
is aimed a t  a more t echn ica l ly -o r i en ted  audience and i s  in tended more f o r  use by 
u t i l i t y  companies and o t h e r  p o t e n t i a l  use r s  o f .  l a r g e  machines. 
A very comprehensive document has  been i n  -p repara t ion  under a th ree -yea r -con t rac t .  
s tudy.which d e a l s  wi th  s i t i n g  wind t u r b i n e s  r e l a t i v e  t o  smal l -sca le  t e r r a i n  . f e a t u r e s  
(Ref. 17):. During t h e  e a r l y  s t a g e s  of  t h i s  e f f o r t  t h e  e f f e c t  o f  f l a t  and two- 
dimensional t e r r a i n  f e a t u r e s  have been assessed.  These inc lude  s i n g l e  and mul t ip le  
su r face .~ roughness  changes, s h e l t e r b e l t s ,  b l u f f s ,  b locks  and bumps wi th  smooth contours.  
a 
S t e p - b y - ~ t e p ' ~ r o c e d u r e s  have been developed t o  a s s i s t  i n  maximizing wind tu rb ine  out-  
p u t  a s .  ta .function- .of ,,turbine. . l oca t ion .  r e l a t i v e -  .to. . these . t e r r a i n .  - f ea tu res  ,-.-. F u r t h e r  _-  
e f f o r t s  . w i l l  inc lude  three-dimensional smooth and b l u f f - l i k e  t e r r a i n  i r r e g u l a r i t i e s .  
wind' C h a r a c t e r i s t i c s  f o r  WECS Operat ions 
This  program a r e a  i s  a F i s c a l  Year 1978 a d d i t i o n  t o  t h e  WCPE. It became apparent  
t h a t  t h e  work i n  t h e  f i r s t  t h r e e  program a r e a s  does n o t  h e l p  t h e  d i spa tch ing  o r  
p lanning personnel  o f  u t i l i t y  companies t o  a n t i c i p a t e  t h e  a v a i l a b i l i t y  of wind energy 
on a day-to-day o r  hour-to-hour b a s i s .  Operat ions personnel  a r e  concerned wi th  t h e  
hour-by-h8ur p r e d i c t a b i l i t y  o f  wind energy over  pe r iods  o f  24 t o  36 hours t o  al low 
e f f e c t i v e  schedul ing  of  t h e  day-to-day opera t ion  o f  t h e i r  genera t ing  resources  2nd 
p e r i o d i c  maintenance of  equipment. 
. . 
The Primary o b j e c t i v e  .of  t h i s  program a r e a '  is  t o  determine t h e  p r e d i c t a b i l i t y  of  
wind c h a r a c t e r i s t i c s  needed f o r  WECS opera t ions  i n  a power g r i d .  The i n i t i a l  e f f o r t s  
were concerned wi th  i d e n t i f y i n g  wind f o r e c a s t i n g  needs o f  p o t e n t i a l  WECS u s e r s  and 
determining i f  c u r r e n t  wind f o r e c a s t i n g  r e l i a b i l i t y  can meet these  needs. Information 
was ob ta ined  from both  resea rch  and opera t ions  personnel  of l a r g e  and small  u t i l i t i e s .  
Information on a v a i l a b l e  f o r e c a s t  products  and r e l i a b i l i t y  was obta ined from indi--.  
v idua l s  and o rgan iza t ions  engaged i n  producing wind f o r e c a s t s .  
A working group .discussion was held  wi th  a t t endees  from both  t h e  u t i l i t y  and 
f o r e c a s t e r  communities. The f ind ings  and recommendations from t h i s  working group have 
been repor ted  .(Ref. 18). One o f  t h e  major conclusions was t h a t  r e l i a b l e  wind fore-  
c a s t i n g  would be va luab le  a s  a planning a i d  t o  e s t ima te  t h e  genera t ion  equipment 
r equ i red  t o  meet f o r e c a s t  load. Work i n  t h e  a r e a  o f  e s t a b l i s h i n g  f o r e c a s t  r e l i a b i l i t y  
b 
I 
f o r  24-36 hours i s  needed t o  determine i f  it i s  a t  l e a s t  a s  r e l i a b l e  a s  load fo recas t -  I 




The "development., commercialization and u t i l i z a t i o n  o f  r e l i a b l e  and economically 
v i a b l e  wind energy systems" i s  r e q u i r i n g  a unique and mul t i - face ted  i n v e s t i g a t i o n  o f  
wind c h a r a c t e r i s t i c s .  Atmospheric' s c i e n t i s t s  have been w i l l i n g  and eager  t o  apply 
t h e i r  e x p e r t i s e  t o  t h e  problems. I t  was immediately apparent ,  however,' t h a t  t h e  atmo- 
' 
s p h e r i c  s c i e n t i s t s ,  the '  design engineers  and p o t e n t i a l  u s e r s  o f  wind turbi 'nes a l l  had 
much t o  l e a r n  from each o t h e r .  The educat ional  process ,  though slow a t  f i r s t , .  is 
a c c e l e r a t i n g .  The experience i s  proving very b e n e f i c i a l  t o  a l l  involved. 
One of  the  major chal lenges  of  t h e  Wind C h a r a c t e r i s t i c s  Program Element, a s i d e  
from t h e  t e c h n i c a l  problems. themselves, i s  t o  maintain t h e  focus of  t h e  many contr ibu-  
t o r s  on t h e  p r i o r i t i e s  requi red  t o  accomplish t h e  o v e r a l l  o b j e c t i v e s  o f  t h e  program i n  
a t imely  fashion.  This t a s k  has  been complicated by t h e  f a c t  t h a t  t h e  United S t a t e s "  
wind energy program has  i n  r ecen t  y e a r s  undergone a very dynamic p e r i o d  o f  growth. It 
i s  impera t ive  t h a t  we maintain t h e  proper p r i o r i t i e s  i n  t h e  planning and execut ion  o f  
t h e  work i n  t h i s  program. 
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Figure 3 .  Wind Speed a t  Hub Versus Wind Speed Averaged Over Disk (Ref. 5 )  
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Figure 4 .  Synthesized Wind Speed Versus Wind Speed a t  Hub (Ref. 5) 
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Figure 5 .  ~ a n n u a ~ i n d  power (W/m ) Estimated a t  50 rn Above Exposed Areas. 
Over muntain0.u~ regions (shaded areas ) ,  the estimates are lower 
l i . d t . 3  expected for exposed mountain tops and ridges.  (Ref. 6 )  
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